Abstract: Sex estimation remains one of the most important steps in a forensic anthropology context, especially when dealing with deteriorated or fragmented skeletal remains. In this respect, the need for the permanent actualisation of study database, as well of the skeletal remains is obvious. Therefore, besides classical skeletal collections an important amount of data can be obtained from computed imaging of the skeletal system, namely CT scans. The CT scans have the advantage of being virtually unlimited in number, not having any interference with secular trends, individuals being of known age and sex as well as increase in accessibility and applicability of data, for subsequent statistical and complex analysis (for instance, geometric morphometric). In the following review, we have gathered and compared some of the most significant studies in the field of physical and forensic anthropology focusing on sexual dimorphism on the skull, both on skeletal collections and CT scans. The results of the studies were similar in terms of sexing accuracy, thus allowing us to conclude that using CT scans in forensic anthropology is a viable and sometimes better option than skeletal collections, in term of data acquisition.
INTRODUCTION
Sex estimation is one of the cornerstones of forensic anthropology expertise, both on living individuals and human skeletal remains. In this respect, the skull is an important skeletal piece for sex estimation, and has been studied extensively in the field of forensic anthropology, in terms of shape and aspect as well as size [1, 2] .
Regarding the assessment of shape and aspect (anthroposcopic method), this is a rather subjective method of observation and description based on the morphological differences between male and female skull in terms of protuberances, aspect, robustness, proeminences and general appearance.
The metric method (craniometry) is more objective, as it relies on measurements between fixed points, called cranial landmarks. There are 3 types of measurements: linear, curvilinear (e.g. circumferences) and estimated cranial volume [3, 4] .
It is now unanimously accepted that populations have variations in aspect, proportions and size of the skeletal features -namely crania, therefore the use of populational specific statistical formulas is of paramount importance for a correct estimation of sexual dimorphism [5, 6] .
Considering populational variability of skeletal morphology as the result of multiple factors, both internal (genetics) and external (environment, social and cultural factors, eating habits, etc.) and the increased migration (globalization), as well as the discrete changes over time (secular trends) due to environmental, lifestyle, nutritional factors, researchers recommend periodic updates of statistical functions and formulas -having also in mind Forensic anthropology from skeletal remains to CT scans that many of the reference studies were conducted on skeletal collections from the 18 th -19 th century [7] [8] [9] . Recent studies have shown that using imaging investigations (CT or MRI) on the field of forensic anthropology leads to better results, due to the fact that these are non-invasive methods and offer an anatomically detailed description of internal and external structures which dismiss the traditional morphometric methods' problems [10, 11] . Moreover, using craniometric measurements on imaging investigation (CT) offers a higher degree of objectivity, by allowing the study of smaller or internal structures, that are inaccessible to standard measurements [12, 13] .
According to studies regarding sex determination based on CT scans, the imaging investigations offer certain advantages-anatomically accurate images as well as the possibility of multilayer reconstruction, easier virtual manipulation of bones, eliminates the time needed for bone preparation procedures (thus removing many religious or ethical problems), it is a non-invasive/ non-destructive method, it is a fast method. Therefore, imagistic investigations facilitate the identification of alive or dead unidentified individuals as well as allowing the development of an important population-specific database [14, 15] .
MATERIALS AND METHODS
We have assessed the differences between sex determination accuracies through visual and direct measurement of skeletal remains (crania) in comparison to studies based on measurements of CT scans, in order to determine whether or not CT scans can be successfully used for sex estimation in modern population and if these results are different than those obtained from direct measurements of human skeletal collections.
In this respect, we performed an electronic search using Summon -Custom search engine, Pubmed, Sciencedirect, Google Scholar for scientific articles published from 2010 to 2016. A part of the search words used were: computer tomography, anthropology, anthropometry, anthroposcopy, geometric morphometry, sexual dimorphism, crania, etc. We have also performed a manual search for references found within full text articles.
In this review, we have included only articles regarding sexual dimorphism of adult crania or skulls, both full-text and abstracts. Case studies were not included. The studies that did not contain the aforementioned criteria were also excluded.
RESULTS

Anthroposcopy
Anthroposcopy is the oldest study method used in anthropology, based on observation and description of morphologic traits (shape, aspect, robustness) of both male and female crania and the differences between them [16] .
Ramsthaler, in 2010, has done a 50 CT scans study belonging to Germanic population and analyzed 17 morphologic traits using Knussmann score. By using the Knussmann calculation method there was a 96% sex determination accuracy. The most dimorphic were the glabellar and supra-orbital region, both with accuracies of more than 80% [15] .
In comparison, a study published in 2015 by Kruger, on bone collections,has shown that the most dimorphic regions were the glabella and nuchal protuberance, whereas the supra-orbital region proved to be without significance in sex determination. The accuracy of sex estimation obtained was over 80% [17] . Another study from 2014 (Garvin) using skeletal collections determined that the most dimorphic cranial traits are the glabella and the mastoid bone with a sex estimation accuracy of 85% [18] .
Even though visual evaluation and the skull's general appearance may lead oftentimes to the correct sex determination, this method is highly based on the anthropologist's experience and thus having a certain degree of subjectivism.
Anthropometry
Anthropometry(metric evaluation) is an objective method that can be applied regardless of the anthropologist's training and experience by using measurements from certain cranial landmarks such as those established by deViliers [19] , Brauer [20] , Buikstra and Ubelaker [21] ,White and Folkens [4] , Howells [22] , Wood and Lynch [23] .These cranial measurements can be applied either on the skull (cranium and mandible), the cranium, the mandible or other specific cranial regions.
As mentioned before, applying the measurements on CT scans has some certain advantages, so hereinafter we will refer only to studies performed by using cranial CT scans.
In 2013, Franklin published a study using 400 cranial CT scans belonging to Australian population using 18 cranial measurements. After the metric and statistic analysis he concluded that 16 of the cranial measurements show a correlation with sex determination, the most dimorphic being: bizygomatic width, glabella-occipital length and basion-nasion length, with an accuracy of 90% [24] . Franklin, in a different study has suggested an alternative cranial measurement-glabella-zygion, which has proven high significance in sex determination (87.5-88%) [25] .
These measurements, especially bizygomatic width, are also well known in studies done on cranial collections as being the most dimorphic measurement for other populations as well: north India [26] , Greek [27] , Japanese [28] .
A study done by Ahmed in 2012, using 110 cranial CT scans belonging to a north Sudanese population there were used 7 cranial measurements, the variable for 6 of these measurements had a 83.6% accuracy. The most dimorphic measurements were the glabella-occipital length, basion-nasion length and the basion-bregma height [29] .
Isaza, in a study from 2014 based on 249 cranial CT scans belonging to the modern Colombian population has done a number of 12 cranial measurements using only the skull's base with a sex determination accuracy of 89.7%. After the metric and statistic analysis he concluded that the posterior floor of the skull's base is the most dimorphic. Foramen magnum's maximum width, occipital base's maximum width and the maximum distance between oval foraminae show a high degree of correlation with sex determination [30] .
The foramen magnum diameters (transverse and anterior-posterior) proved to have a higher degree of correlation with sex determination and in other studies using CT scans (Ilguy [31] , Uthman [32] , Edwards [33] ), the correct sex determination percentage was between 66% and 83.2%.
In comparison, the studies that used direct measurements of foramen magnum in bone collections (Gapert [34] , Galdames [35] , Babu [36] ), obtained similar results, sex estimation accuracy was between 66.5% and 88%.
The mandible is a bone widely used for sex determination due to the fact that it has a high resistance to destruction due to environmental factors and also has a high degree of sexual dimorphism [37] .
In a 2016 study communicated by Gamba on 160 cranial CT scans belonging to a Brazilian population, 6 mandibular measurements were used. The results of metric and statistic analysis concluded that only 4 measurements are significant in sex determination (mandible ramus length, bicondylar width, bigonial width and gonial angle) with an overall accuracy of 95.1% [38] . Another study (Kharoshah) on 330 cranial CT scans belonging to Egyptian population has shown that the most dimorphic aspects were bicondylar width, gonion angle and minimal width of the mandible ramus, with an accuracy of 83.9% [39] .
Furthermore, other studies using cranial CT scans reached similar conclusions, with accuracies of over 80%, thus proving all mandibular measurements are highly dimorphic [40, 41] . Similar results were also achieved by studies on skeletal collections by direct measuring of the mandible ( Giles between 83% and 87 % [2] , Fabian and Mpembeni 98% on the population from Bantu Tanzania [42] , Franklin of 92.5% on a population of black South-African [37] , Marinescu of 84% on Romanian population [43] ).
A study from 2011 by Uthman using 88 Iraqi individuals followed the analysis of CT scans based tridimensional reconstructed maxillary sinuses. Three measurements of the maxillary sinuses were used (length, width and height). Following statistic analysis he reported a sex determination accuracy of 73.9% , the height of the maxillary sinus having the highest sexual dimorphism of 71.6% [44] . A different study from 2012 conducted by Amin using 96 maxillary sinuses CT scans belonging to Egyptian population rendered an accuracy of 70.8% for men and 62.5% for women. The most significant measurements in sex determination were the height and surface of left maxillary sinus [45] . In both studies, as well as those conducted using CT scans by Fernandes [46] , Teke [47] , Vidya [48] concluded that men have bigger maxillary sinuses than women.
Another study published by Uthman in 2010 using 90 cranial CT scans belonging to Iraqi population followed frontal sinus analysis in relation to sex determination. Three frontal sinus measurements (height, width and anterior-posterior length) and three cranial measurements were taken. Following metric and statistic analysis of these variables he obtained a sex estimation accuracy of 76.9%. By adding cranial measurements the accuracy raised up to 85.9% [49] . Another study published in 2015 by Benghiac on 77 cranial CT scans belonging to Romanian population used 2 measurements (height and width) of the frontal sinus showed an accuracy of 77% [50] . Both studies as well as those using cranial CT scans conducted by Kim [51] , Hamed [52] concluded that frontal sinuses are bigger in men. Furthermore, cranial X-Ray based studies [53, 54] reached the same conclusions, showing similar results with sex determination accuracies between 60% and 79.7%.
A study from 2014 using 112 orbital CT scans belonging to Turkish population was based on 2 measurements. The most dimorphic variables were the width of the left orbit in men (71.7%) and the height of the left orbit in women (69.2%). The study established a sex determination accuracy based on these 2 variables of 80% for men and 69.2% for women, concluding that the measurements are significantly higher in men rather than women [55] . Rossi [56] , Marinescu [57] and Nitek [58] reached the same conclusions.
Geometric morphometrics
Geometric morphometrics method represents a new approach in the variability assessment in forensic anthropology. Concerning the object's form analysis, this method can differentiate the variability according to shape as well as size, rendering results with a higher accuracy than anthropometric method. Furthermore, it can differentiate strictly by shape, without the size factor, thus proving to be an excellent method in forensic anthropology.
In a study published in 2016 by Musilova on 103 cranial CT scans belonging to French population, shape analysis rendered an accuracy of 90.3% after crossvalidation, with 2.9% higher than form analysis alone. The most dimorphic regions were glabella and the supraorbital regions [59] .
Abdel, in his study published in 2014, on 222 cranial CT scans belonging to American population from 20 th century analysed the difference in size and aspect between the male and female's exocranium and endocranium. He conducted a global analysis following the differences in shape and size and a specific analysis regarding size differences. He concluded that the most dimorphic regions in size alone were the glabella, the occipital, the mastoid and the zygomatic, whereas the most dimorphic regions in shape are the glabella and the mastoid. All the measurements were bigger in men than women except for the nasion-glabella. Furthermore, the width of the cranial vault is bigger in the frontal region in women and the occipital region in men. Shape analysis using 3 variables rendered an accuracy of 86.5%, whereas size analysis using 11 variables had an accuracy of 97.3% [60] .
By comparison, the studies done by Ishida and Dado [61] , as well as Ross [62] by direct measurement of the cranial vault on skeletal pieces from bone collections offered similar results. Ross also has observed that the width of the cranial vault increases in women with age, whereas in men it decreases.
A study from 2016 published by Bulut on 160 cranial CT scans belonging to Turkish population focused on the differences in shape of the frontal bone in men and women, without using landmarks. Using a software generated sphere the frontal bone was isolated from the CT scans thus allowing the recognition of the differences and deviations of the frontal bones in men and women. With this method he obtained an accuracy of 77,5% [63] . He concluded that the supra-orbital margins are more prominent in men. Similar results were achieved in the X-Ray and laser scanned based studies done by Garvin [64] and Perlaza [65] . Also, the frontal bone tends to be more rounded in men than in women, as opposed to the results obtained by Bigoni [5] and Franklin [66] .
CONCLUSIONS
Cranial CT scan based studies reached similar conclusions to the bone collection based studies, thus showing that the male skull is more prominent, more robust and wide, whereas female skull is smaller, narrower, more gracile. The studies reviewed above also have proven that skull measurements obtained from CT scans render similar results to those obtained by direct measurements of skeletal pieces.
Furthermore, using CT scans measurements provides certain advantages, such as the use of modern population (whereas skeletal collection are limited and consist of samples that belong to population 100-150 years ago), the possibility of permanent actualization of databases, ease of access, as well as the possibility of analysing small and/or internal bone structures and ease of applicability for statistical and geometric morphometrics methods.
